intensity evolution) is closely related to that of the analogous trough in the PNA-like teleconnection forced by sea surface temperature anomalies (SSTa) in the tropical central Pacific (CP) rather than the tropical eastern Pacific (EP). Such association is also found to act under greenhouse warming: that is, the strengthening of the PNA-like teleconnection induced by the CP SSTa rather than the EP SSTa is a driving force for the intensification of PNA. This is in part owing to the robust enhancement of the tropical precipitation response to the CP SST variation. Indeed, further inspection suggests that models with stronger intensification of the CP SST variability and its related tropical precipitation response tend to have larger deepening magnitude of the North Pacific trough associated with the PNA variability.
Introduction
As two important members of the teleconnection family in the Northern Hemisphere, the Pacific-North American teleconnection (PNA) and North Pacific Oscillation (NPO), are prominent modes of planetary-scale atmospheric variability over the North Pacific basin, with additional centers of action across the North American landmass for the PNA. The PNA is identified as geopotential height (GPH) fluctuations, whose positive phase is featured by four centers, such that two centers with above-normal heights are located near Hawaii (20°N, 160°W) and over Alberta, Canada (55°N, 115°W) , and the other two with below-normal heights are centered over the North Pacific Ocean (45°N, 165°W) and over the Gulf Coast region of the United States (30°N, Abstract Based on reanalysis datasets and as many as 35 CMIP5 models, this study evaluates the capability of climate models to simulate the spatiotemporal features of PacificNorth American teleconnection (PNA) and North Pacific Oscillation (NPO) in the twentieth century wintertime, and further investigates their responses to greenhouse warming in the twenty-first century. Analysis reveals that while the majority (80%) of models reasonably simulate either the geographical distribution or the amplitude of PNA/NPO pattern, only half of models can well capture both features in space. As for the temporal features, variabilities of PNA and NPO in most models are biased toward higher amplitude. Additionally, most models simulate the interannual variabilities of PNA and NPO, qualitatively consistent with the observation, whereas models generally lack the capability to reproduce the decadal (20-25 years) variability of PNA. As the climate warms under the strongest future warming scenario, the PNA intensity is found to be strengthened, whereas there is no consensus on the direction of change in the NPO intensity among models. The intensification of positive PNA is primarily manifested in the large deepening of the North Pacific trough, which is robust as it is 2.3 times the unforced internal variability. By focusing on the tropical Pacific Ocean, we find that the multidecadal evolution of the North Pacific trough intensity (dominating the PNA 85°W) (Wallace and Gutzler 1981) . The NPO is characterized as a meridional dipole of the sea level pressure (SLP), with the positive phase featured by a zonally elongated band of above-normal SLP in the subtropics and a center of below-normal SLP over Alaska. Linkin and Nigam (2008) further pointed out that the NPO is the SLP signature of the West Pacific (WP) teleconnection pattern in the upperlevel geopotential height, which is the second leading mode behind the PNA mode (Wallace and Gutzler 1981) .
Both the PNA and NPO, prominent in boreal winter, have close relationships with fluctuations in the position and strength of the Asian-Pacific jet stream and the North Pacific storm tracks, and have powerful influences on the North American hydroclimate. The positive PNA is associated with the enhancement and eastward extension of the jet stream, while the northward displacement and elongation of the jet exit region is linked to the positive NPO, and vice versa (e.g., Linkin and Nigam 2008; Wettstein and Wallace 2010) . Under the framework of eddy-mean flow interaction, the PNA and NPO also modulate variations of storm tracks in association with the anomalous jet, such as a southward shift and downstream intensification of storm tracks corresponding to the positive phases of the PNA and NPO, respectively (Lau 1988; Rogers 1990; Wettstein and Wallace 2010) . These dynamical changes are expected to impact the surface climate of North America especially in winter (e.g., Leathers et al. 1991; Nigam 2003) . Particularly, previous studies demonstrated intimate connections of the PNA with the atmospheric blocking frequency in the North Pacific (Croci-Maspoli et al. 2007 ), the North American snow depth (Ge and Gong 2009) , as well as the heavy rainfall events in the north central United States (Harding and Snyder 2015) . The NPO also is very influential on the winter surface air temperature and precipitation over much of the western North America as well as the marginal ice zone in the western Bering Sea and Sea of Okhotsk (Linkin and Nigam 2008) .
Furthermore, the PNA's signature on the Aleutian Low is closely related to the Pacific Decadal Oscillation (PDO; e.g., Latif and Barnett 1996; Deser et al. 2004) , the dominant pattern of the decadal climate variability in the North Pacific, while the NPO is demonstrated as the atmospheric forcing pattern of the North Pacific Gyre Oscillation (NPGO; e.g., Di Lorenzo et al. 2008; Chhak et al. 2009 ), the second leading mode of the North Pacific Ocean. In addition, both the PNA and NPO play an active role in connecting climate variabilities in the tropical and extratropical Pacific. On one hand, the El Niño-Southern Oscillation (ENSO) variability influences the surface climate over the North Pacific Rim through inducing the atmospheric PNA-like changes (Alexander et al. 2002) , and the central Pacific El Niño events in winter can excite the low-frequency variations of the southern lobe of NPO which is integrated to yield the oceanic NPGO (Di Lorenzo et al. 2010) . On the other hand, the NPO change during the decay phase of traditional type of ENSO can help lead to the onset of central Pacific type of ENSO (Yu and Kim 2011) .
Given that the PNA and NPO remarkably affect the North Pacific and North American hydroclimate, and thus their long-term shifts in space-time could change the preconditions that determine the surface climate, it is worthwhile to comprehensively evaluate the capability of coupled climate models to reproduce both modes in the past climate, and to explore how they may change in the future under greenhouse warming. However, such issues have not yet been fully addressed. For instance, Stoner et al. (2009) assessed the performance of Coupled Model Intercomparison Project Phase 3 (CMIP3) climate models to simulate the PNA, primarily focusing on its spatial characteristics, and found that the majority of models capture a recognizable winter PNA pattern but overestimate the percentage of total variance in heights explained by the PNA variability. They did not examine the frequency and amplitude of the modeled PNA and its change in the future projection. Allan et al. (2014) , however, reported more positive PNA events would occur in future and consequently have a stronger influence on North American climate, based on the Special Report on Emissions Scenarios (SRES) A2 projection in a global coupled model. Using the CMIP3 multi-model outputs of the twentieth century and A1B scenario experiments, Furtado et al. (2011) found that the NPO pattern linked to the NPGO-like sea surface temperature (SST) anomalies remains unchanged spatially under greenhouse warming. Overall, the latest Fifth Assessment Report of Intergovernmental Panel on Climate Change (IPCC AR5) summarized that an issue of the modelprojected future evolution of the PNA and NPO remains to be fully addressed (Christensen et al. 2013) . It motivates us to deal with the following two questions: (1) how well does the current generation of global climate models participating in the CMIP5 (CMIP Phase 5) portray the observed spatiotemporal features of PNA/NPO in the twentieth century? (2) Will the PNA/NPO significantly change in the future warming projection? If changed, what mechanism could be involved?
The paper is organized as follows. Section 2 describes the observational datasets, multi-model outputs and analysis methods. Section 3 compares the spatiotemporal features of PNA and NPO in the twentieth century between observations and historical simulations of CMIP5 models. Section 4 shows the twenty-first century projected changes in the PNA and NPO under the Representative Concentration Pathways 8.5 (RCP8.5) scenario. In Sect. 5, we investigate the possible mechanism driving the significant response of PNA to greenhouse warming with focus on the influence of tropical Pacific Ocean. Summary and discussion is given in Sect. 6.
Datasets and methods

Observations and multi-model outputs
The PNA and NPO in observation are investigated based on GPH and SLP data taken from the ensemble-mean fields of Twentieth-Century Reanalysis dataset version 2c (20CRv2c), with a horizontal resolution of 2° × 2° and 24 vertical pressure levels (Compo et al. 2011) . Note that we also examine the newly-developed European Centre for Medium-Range Weather Forecasts (ECMWF) twentieth Century Reanalysis (ERA-20C; Poli et al. 2016 ) and obtain similar results, as the spatiotemporal features of PNA/NPO derived from both datasets are highly correlated (not shown). To investigate oceanic influences, we also use SST data taken from the Met Office Hadley Centre Sea Ice and Sea Surface Temperature version 1 (HadISST1) dataset, with a horizontal resolution of 1° × 1° (Rayner et al. 2003) .
For model simulations, we investigate 35 CMIP5 models in total (Table 1) , organized by the Program for Climate Model Diagnosis and Intercomparison for IPCC AR5 (Taylor et al. 2012 ). Multi-model outputs from three sets of simulations are used: the pre-industrial control (PI) simulation which represents the unforced natural variability of climate system with atmospheric CO 2 concentration fixed at 280-290 ppm; the historical simulation which incorporates the anthropogenic and natural forcings from the observed atmospheric composition changes in the twentieth century; the future climate change projection under the RCP8.5 scenario in the twenty-first century, with the radiation forcing reaching approximately 8.5Wm −2 in 2100 (equivalent to atmospheric CO 2 concentration >1370 ppm). In Sect. 3, we use GPH (SLP) outputs of 30 (32) models from the historical simulation to evaluate the capability of simulating the spatiotemporal features of PNA (NPO) in the twentieth century. Then, models which relatively well simulate both the geographical distribution and the amplitude of PNA/NPO pattern are selected to further investigate the future projected response of PNA/NPO to greenhouse warming by means of comparing statistics between the historical and RCP8.5 runs. In Sects. 4 and 5, we use additional outputs of the selected models, including SST and precipitation. The atmospheric fields are interpolated to 2.5° × 2.5° grid, except for precipitation, which is interpolated to 1° × 1° grid, and so does the SST field. Here, we choose 95-year interval in the twentieth century and twenty-first century to represent the past and future climate, respectively. In fact, the spatial pattern of PNA/NPO is generally insensitive to temporal-interval selection (such as 95-versus 45-year in the second half of the century), which thus does not greatly affect our conclusions. Only one member ("r1i1p1") run for each model is used in the present study.
PNA/NPO pattern and its intensity
Previous studies define the PNA index in different ways. Wallace and Gutzler (1981) first defined it as a linear combination of four centers of normalized 500-hPa GPH anomalies (GPHa). Based on rotated principal component analysis (RPCA) or PCA method, other literatures also used the first leading principle component (PC1) of 500-hPa GPHa as the PNA index (Barnston and Livezey 1987; Stoner et al. 2009 ). Given that, we first obtain the regression pattern of monthly detrended 500-hPa GPHa against the PNA index provided by the Climate Prediction Center (CPC), and then compare such pattern with the regression pattern developed by regressing the 500-hPa GPHa onto the PC1 time series which are derived by applying empirical orthogonal function (EOF) or rotated EOF (REOF, i.e. varimax rotation) to the 500-hPa GPHa field. Two domains, i.e., the Northern Hemisphere (poleward of 10°N) and the North Pacific (10°-80°N, 150°E-60°W) are analyzed and the temporal coverage is 1950-1994. We calculate the spatial correlation between the CPC regression pattern and the EOF/REOF pattern in each domain. Results show that the North Pacific EOF pattern highly resembles the CPC regression pattern, with correlation coefficient r EOF = 0.83 versus r REOF = 0.58, whereas correlations for the Northern Hemisphere domain are much lower, with r EOF = 0.55 and r REOF = 0.44. Therefore, the EOF-based method using 500-hPa GPHa field in the North Pacific is chosen to construct the PNA index for both observation and models. The NPO index is defined as the second leading PC (PC2) of SLP anomalies (SLPa) in the region bounded by 10°-80°N and 120°E-60°W (Linkin and Nigam 2008) .
In the present study, monthly December-January-February (DJF) anomalies are used for the EOF and regression analyses, as both the PNA and NPO are prominent in boreal winter. Monthly anomalies are first obtained by subtracting the climatological monthly means and removing the linear trend, and then they are smoothed by 3-month running mean to extract the DJF anomalies. Prior to EOF analysis, GPHa and SLPa fields are weighted by the square root of the cosine of latitude to account for the decrease of grid area poleward. The PNA/NPO pattern is derived by regressing the monthly DJF anomalous field onto the normalized PNA/NPO index (i.e., the PC1 of 500-hPa GPHa for PNA; the PC2 of SLPa for NPO), which represents the typical amplitude of PNA/ NPO (i.e., one standard deviation of index). Note that the PNA/NPO pattern is calculated for the historical run and the RCP8.5 run separately, and their difference in amplitude indicates the response to greenhouse warming.
Based on the geographical distribution of PNA/NPO, we define the PNA intensity (PNA i ) and the NPO intensity (NPO i ) as a linear combination of centers of action:
where PNAa i , −PNAb i , PNAc i , −PNAd i denote the intensities of four centers of PNA quadrupole in positive phase as shown in Fig. 3a , and likewise −NPOa i and NPOb i stand for the intensities of two centers of NPO dipole in positive phase as shown in Fig. 3c . The intensity of each center of PNA (NPO) is computed as the five-points-mean of central GPHa (SLPa), i.e., central maxima or minima plus four orthogonal values around the center. In the present study, the sign of PNA/NPO pattern for both the observation and individual model simulations is kept in its positive phase, so that the value of each center intensity (e.g., −PNAb i ) is positive.
It is noted that the multi-model ensemble mean (MEM) statistics are calculated as the mean of the individual statistic being analyzed. For example, the MEM pattern of PNA is computed as the mean of individual patterns in positive phase which are derived by the regression of 500-hPa GPHa
field in DJF onto the normalized PNA index from individual models.
Spectral analysis
To investigate the temporal variability of PNA/NPO, we apply the spectral analysis on the monthly expansion coefficient (EC) time series, instead of the wintertime PNA/NPO index, since the latter is a filtered and inconsecutive time series (see Sect. 2.2 for details). Following Furtado et al. (2011) , the monthly EC time series is constructed by projecting the unfiltered monthly GPHa/SLPa fields onto the wintertime PNA/NPO pattern, which thus mainly preserves the prominent features of PNA/NPO. Here all power spectra are normalized so that the percentage of total variance explained at a particular frequency is presented in the power spectra. The significance test of power spectra is based on the method proposed by Torrence and Compo (1998) . The mean normalized red-noise spectrum is calculated for the monthly EC time series of PNA/NPO and then the 90% confidence spectrum is obtained by multiplying the red-noise spectrum by the appropriate F statistic. Only peaks of power spectra exceeding the 90% confidence spectrum as a function of period are plotted.
Estimation of unforced internal variability in CMIP5 models
To test the significance of projected changes in the PNA and NPO variability forced by greenhouse warming, we calculate the unforced internal variability of both modes based on the PI run for each model. First, we construct 41 segments with time increment of 95-year, for which the starting year of each one was taken 10-year apart from the 500-year long (after spin-up) outputs of the PI run. As shown in Fig. 1 , 80% of the models display spatial correlations higher than 0.80 for both PNA and NPO, and 85% (75%) of the models display the normalized standard deviation within the range of 1 ± 20% for the PNA (NPO) pattern. This suggests that the majority of models reasonably simulate either the geographical distribution or the amplitude of PNA/NPO pattern. However, spatial correlations vary largely among models, especially for NPO, such that it ranges from 0.52 (INM-CM4) to 0.97 (CMCC-CESM) for the PNA and from 0.29 (MIROC-ESM) to 0.97 (IPSL-CM5A-LR) for the NPO. Owing to this large inter-model spread, a similar situation exists with the normalized CRMS. It ranges from 0.31 (GFDL-CM3) to 0.99 (EC-EARTH) for the PNA, with values of 17 models lower than 0.5, and for NPO it ranges from 0.28 (ACCESS1.0) to 1.21 (MIROC-ESM), with values of 16 models lower than 0.5. Therefore, in general, half of models can reliably reproduce both the spatial structure and amplitude of PNA and NPO pattern. Compared with the PNA simulations, however, the ability to simulate the NPO is worse and more dispersed among models.
Next, we compare the temporal features of the PNA/ NPO between models and observation in the twentieth century, specifically the variance of the monthly EC time series (Table 2 ) and the percentage of total variance in 500-hPa-GPH (SLP) explained by the PNA (NPO) variability (Table 3) . Table 2 suggests that most models have larger variances than the observation for both PNA and NPO, with 18 (22) out of 30 (32) models having variances that are at least 10% higher than the observed variance of
PNA (NPO). Only 2 (4) models have variance for the PNA (NPO) slightly smaller than the observation. Therefore, the temporal variabilities of PNA and NPO in the majority of models are biased toward higher amplitude. We also find that no model can simulate the observed phases of PNA and NPO (not shown). Moreover, Table 3 shows that the percentage of total variance in heights explained by the PNA variability is underestimated by most CMIP5 models (21/30), however, which is contrary to the simulations of CMIP3 models (Stoner et al. 2009 ). As for the NPO variability, 19 out of 32 models show significant biases (>10%) in the percentage of total variance in SLP, in which ten models show bias toward higher percentage and the other nine models show the opposite. It suggests that biases in the percentage of total variance in SLP explained by the NPO variability are either too high or too low.
To further assess the frequency of PNA and NPO variability, we apply the spectral analysis to the monthly EC time series. For PNA (Fig. 2a) , the observed power spectra exhibit multiple spectral peaks within 1 year, which is also shown in individual models albeit at varying frequency. Besides that, the observation displays significant power on interannual time scales, with two peaks in the range of 1-2 and 4-6 years, as well as broad decadal-scale spectrum, with the highest power in the 20-25 years. On interannual time scales, over half of models have significant peaks in the 1-6 years, in which 20 and 15 models exhibit peaks at 1-2 and 4-6 years, with power mostly smaller and larger than the observational counterpart, respectively (Fig. 2c) . However, on decadal time scales, only two models have significant peaks at 20-25 years. For NPO (Fig. 2b) , the power spectra in both observation and models exhibit multiple peaks within 1 year, while for longer time scale there is only significant peak at 2-4 years in observation. Figure 2d further shows that most models (27/32) have significant peaks in the 1-2 years, whereas 14 models have peaks at 2-4 years, with power mostly larger than the observation. In summary, the majority of models can simulate the interannual variabilities of PNA and NPO, qualitatively consistent with the observation, albeit with the significant spectral peaks varying in the range of 1-6 years. However, models generally lack the ability to reproduce power spectrum of PNA in the decadal band (20-25 years).
As future projections rely on the climate simulation of the twentieth century, vast diversity in the performance of models results in large uncertainty in the projected change. Thus, to better understand the projected changes in PNA and NPO, we select 14 and 13 models which relatively well represent the observed structure and amplitude of PNA and NPO in space, respectively, according to the criterion that the spatial correlation coefficient is larger than 0.9 and the normalized CRMS is lower than 0.5. Here seven models [ACCESS1.3, CESM1(CAM5), CMCC-CESM, CMCC-CM, GFDL-CM3, GFDL-ESM2G, IPSL-CM5A-LR] are selected for both PNA and NPO, and additional seven models (BNU-ESM, CanESM2, HadGEM2-AO, HadGEM2-ES, MPI-ESM-LR, NorESM1-M, NorESM1-ME) and six models (CSIRO-Mk3.6.0, FGOALS-g2, GISS-E2-R, HadGEM2-AO, IPSL-CM5A-MR, MPI-ESM-LR) are retained for the PNA and NPO, respectively. Figure 3 shows the MEM of PNA/NPO patterns derived from the selected models and the observational counterpart. The MEM patterns of both PNA and NPO well match with the observations, with the spatial correlation coefficient reaching 0.98, and particularly well capture the trough over the North Pacific Ocean (hereinafter referred to as the North Pacific trough; denoted as PNAb) and the anomalous low pressure over Alaska (denoted as NPOa). But it is obvious that the MEM pattern of PNA overestimates the ridge over western Canada (denoted as PNAc) 
Future projected changes in the PNA and NPO under greenhouse warming
In this section, we aim at finding out how the PNA and NPO will respond to greenhouse warming in the twentyfirst century, with focus on changes in the intensity (see Sect. 2.2 for the definition of PNA/NPO intensity). As aforementioned, we inspect the projected changes in PNA (NPO) in the selected 14 (13) models which relatively well represent the observed spatial features. Figure 4 displays the projected changes in the intensities of PNA/NPO and its each center from the historical run to the RCP8.5 run in the selected models. The projected change is considered significant when the magnitude exceeds the unforced internal variability which is measured based on the PI run. As shown in Fig. 4a , 13 out of 14 models exhibit significant changes of −PNAb i , among which all except one agree on the sign of increase, indicating an intensification of the North Pacific trough. The MEM of −PNAb i shows an increase of 9.5 m with the 95% confidence interval of 5.9-13.1 m, and the signal-to-noise ratio (i.e., change value is divided by the estimation of unforced internal variability) is 2.3. To a lesser extent, the ridge over western Canada appears to be weakened, since eight models which exhibit significant changes of PNAc i are agreeable on the sign of decrease except ACCESS1.3. The MEM of PNAc i shows a decrease of −3.0 m with the 95% confidence interval of −0.7 to −5.3 m, but the signal-to-noise ratio is 0.9. The other two centers, however, do not show significant changes. As a whole, the MEM of PNA i is increased by 7.5 m with the 95% confidence interval of 0.3-14.7 m, and the signal-to-noise ratio is 1.1. Also, we find that the variance contribution of the PNA pattern in all models, except CMCC-CM and NorESM1-M, is increased by 4.1-8.8% in the RCP8.5 scenario (Table 3) . Overall, the intensity of positive PNA is projected to be strengthened in a warmer climate, which is primarily manifested in the large deepening of the North Pacific trough. In addition, the North Pacific trough expands northeastward, which can clearly be seen from the difference of spatial pattern between the RCP8.5 and historical runs. Comparing the MEM patterns in Fig. 5a , b, the central area of trough in the twenty-first century, outlined by the isoline of −80 m, expands about two times that in the twentieth century. A difference map (Fig. 5c ) clearly shows negative anomalies in the northeastern flank of the North Pacific trough, indicating a northeastward expansion of trough. This feature is robustly manifested in the majority of models. As shown in Fig. 6 , other than CMCC-CM, NorESM1-M and CESM1(CAM5), all models show negative anomalies over the Gulf of Alaska and western Canada, which is accompanied by positive anomalies in the downstream. Note that on the basis of the idealized experiments with an atmospheric general circulation model, Zhou et al. (2014) have reported that the ENSO-forced PNA-like teleconnection pattern strengthens and moves eastward under global warming. We speculate that changes in the ENSO-forced PNA-like teleconnection in a warmer climate can also strongly affect future projection of the PNA variability especially on interannual time scales. We further inspect differences in power spectra between the RCP8.5 and historical runs for the monthly EC time series of PNA. Figure 8a suggests that noticeable change primarily occurs on interannual time scales. By scrutinizing the projected changes in the mean power of spectral peaks in the range of 2-8 years which is a typical period of ENSO, it is found that the mean power tends to increase under greenhouse forcing (Fig. 8b) . Note that although NorESM1-M shows a decrease of normalized variance at 2-8 years, the periodicity with significant power clearly shifts from 2-4 to 4-8 years, suggesting increased power at lower frequencies. Hence, results may imply that the ENSO-forced teleconnection would have a greater contribution to the PNA change in a warmer climate. Following this lead, we will investigate possible role of tropical Pacific SST in driving the significant response of PNA to greenhouse warming in Sect. 5.
NPO
Compared with the projected change in the PNA, the response of the NPO to greenhouse warming is much less robust, with large uncertainty among models. Comparison of the model-averaged NPO patterns in the historical and RCP8.5 runs (Fig. 5d-f) shows a deepening of low pressure over Alaska and a weakening of high pressure in the subtropics. However, there is no consensus on the direction of change in the NPO intensity among models. As shown in Fig. 4b, 9 out of 13 models exhibit significant changes of NPO i , however, among which five models show an increase while four models show a decrease. This is primarily due to the large diversity of changes in the southern lobe of NPO, as can be seen from four models predicting the significant increase of NPOb i versus five models predicting the opposite. For the northern lobe of NPO, the intensity tends to be strengthened in the twenty-first century, but only six models show the significant increase of −NPOa i . Furthermore, from Fig. 7 , it is clear that changes in the spatial patterns vary largely among models, with a great difference in the changes over the central North Pacific. For example, four models (ACCESS1.0, FGOALS-g2, GISS-E2-R, IPSL-CM5A-MR) show negative anomalies over the central North Pacific, whereas the other four models (CMCC-CESM, HadGEM2-AO, IPSL-CM5A-LR, MPI-ESM-LR) shows the opposite. The projected change in the spectral power of NPO (Fig. 8c,  d ) also displays a lack of consensus. Table 3 further suggests that the variance contribution of the NPO pattern appears (2015) also pointed out that the variability of the tropical CP SSTa is increased in a warmer climate, which has a stronger intermodel consensus than the tropical EP SSTa has. Given that, we may hypothesize that the influence of the tropical CP SSTa on the extratropical atmosphere could exceed that of the tropical EP SSTa in a warmer climate through exciting a stronger fluctuation of the Rossby wave train at midlatitudes. The EP El Niño and CP El Niño events are suitably described by the area-averaged SSTa in the Niño3 region (5°S-5°N, 150°W-90°W) and Niño4 region (5°S-5°N, 160°E-150°W), respectively, as both regions cover the general traits of ENSO-induced signal. However, the Niño3 and Niño4 indices are highly correlated, which where N 3 and N 4 denote the Niño3 and Niño4 indices, respectively, derived from SSTa in DJF. I EP and I CP are a piecewise linear combination of the Niño3 and Niño4 indices. It is verified that I EP and I CP are nearly uncorrelated (r = 0.23), whereas N 3 and N 4 are highly correlated (r = 0.81) in the entire twentieth century. Results also hold for either the first half or the second half of the twentieth century.
Next, we regress the winter SSTa onto the normalized I EP and I CP indices to examine whether the maximum warm anomalies in the tropical EP and CP are well separated from each other. As shown in the first row of Fig. 9 , spatial patterns of SSTa capture two well-defined warm centers in the equatorial cold-tongue and warm-pool regions, with the maximum SSTa of 1.1 and 0.7 °C, respectively. In particular, the I CP -derived SSTa pattern is similar to the CP El Niño pattern (Kao and Yu 2009) , suggesting that variation of I CP primarily reflects signals of CP ENSO events.
We also examine the surface and mid-tropospheric teleconnections at midlatitudes induced by the tropical EP and CP SSTa, respectively, by regressing the winter SLPa
and 500-hPa GPHa onto the normalized I EP and I CP indices. To the first-order, the extratropical responses to the tropical EP and CP SSTa are similar, which can be seen from anomalous surface low and mid-tropospheric trough over the North Pacific Ocean with a quasi-barotropic structure, as well as anomalous ridge and trough over North America, akin to a PNA-like pattern (see the last two rows of Fig. 9 ). This is consistent with the result obtained from long model integrations by Garfinkel et al. (2013) . Nevertheless, there are subtle spatial differences between the two regression patterns: compared with the response to EP SSTa, the trough/low over the North Pacific Ocean extends further into subtropics and the center of ridge (trough) over North America is further west (east) for the response to CP SSTa. Further comparing such SSTa-forced teleconnections with the PNA pattern shown in Fig. 3a , however, it is suggested that the PNA pattern reflects mixed features of the remote mid-tropospheric responses to the tropical EP and CP SSTa, as pointed out by Weng et al. (2009) . As for the SLP response, it should be noted that results do not rule out the finding of Di Lorenzo et al. (2010) , which reveals the important influence of CP El Niño on the variability of southern lobe of NPO (i.e., SLPa near Hawaii) especially on decadal time scales. To further inspect the relationship between the PNA and the teleconnection forced by the tropical EP/CP SSTa, we compare the time evolution of intensities of the PNA variability and the SSTa-forced GPH teleconnection at 500-hPa. The time evolution of the PNA intensity is constructed , 1900-1949, 1901-1950, …, 1955-2004) . Here the PNA intensity in each sliding window is derived from the linear combination of four absolute regressions of winter 500-hPa GPHa against the PNA index in the specific 50-year. The four absolute regressions are absolute regression coefficients area-averaged in the four boxes centered on the quadrupole of PNA pattern [PNAa(10°-20°N, 160°-175°W), PNAb(35°-50°N, 140°-160°W), PNAc(55°-70°N, 100°-120°W), PNAd(35°-45°N, 70°-90°W)]. Likewise, the tropical-SSTa-forced counterparts are calculated based on the area-averaged regressions of 500-hPa GPHa against the normalized I EP and I CP indices in the same boxes. Note that similar results are obtained when using larger boxes. Here the statistical significance of correlation coefficient between the time series based on 50/30-year sliding windows is tested with a two-tailed student's t test using the effective sample size, which takes into account the serial autocorrelation at lag one (Bretherton et al. 1999 ). The effective sample size (N e ) is defined as N e = N × (1 − r x × r y )∕(1 + r x × r y ), where N is the length of time series and r x (r y ) is the lag-one autocorrelation coefficient of the time series for variable x(y). As shown in Fig. 10a , the intensity of PNA variability has undergone multidecadal modulation during the twentieth century, which likely reflects strong influence of the natural variability at midlatitudes. This evolution of the PNA intensity is, however, closely related to that of the teleconnection forced by the tropical CP SSTa rather than EP SSTa, with correlation coefficient reaching 0.62 for CP-SSTa forcing versus −0.47 for EP-SSTa forcing. Particularly, we examine the time evolution of the North Pacific trough (PNAb) intensity (Fig. 10b, black line) , which is found to dominate the PNA intensity evolution (Fig. 10a, black line) , given the high correlation coefficient of 0.82. It is also obvious that there is a close association between the multidecadal evolution of the North Pacific trough intensity associated with the PNA variability and that forced by the tropical CP SSTa, with correlation coefficient of 0.68 (Fig. 10b) . Indeed, such close relationship can also be found in the time evolution over 76 30-year sliding windows (i.e., 1900-1929, 1901-1930, , 1975 Fig. 10c ). Therefore, these results suggest an intimate connection of the teleconnection forced by the tropical CP SST variation with the PNA variability in regard to its change with time, which may be expected to also act under climate change scenario.
Modeling results: role of SST variation in the tropical central Pacific under greenhouse forcing
Given the finding above, we turn to inspect how the extratropical teleconnection forced by the tropical EP/CP SSTa changes in a warmer climate and whether it contributes to the significant projected intensification of the PNA. Note that here we focus on the North Pacific trough, given that its large deepening primarily reflects the intensification of PNA (recall Sect. 4.1). In this subsection, 11 models which show significant changes in both PNA i and −PNAb i (see Fig. 4a for reference) are analyzed. Using a coordinate transformation in the N 3 -N 4 phase space (see details in Ren and Jin 2011), we calculate the parameter in individual models to guarantee that I EP and I CP in each model are uncorrelated. We exclude BNU-ESM because of its unavailability of SST data. Figure 11 shows the regression patterns of winter SSTa and 500-hPa GPHa against the normalized I EP and I CP indices in the historical simulations. The MEM patterns of SSTa (Fig. 11, upper panels) clearly display two well-defined warm centers in the equatorial cold-tongue and warm-pool regions, with a large resemblance to the observational patterns (Fig. 9) . But specifically, the magnitude of simulated warm SSTa center in the cold-tongue region is about 0.2 °C larger than the observation and the (Fig. 12) . In addition, a westward shift of the ridge over North America can also be found for the CP-SSTa-forced teleconnection, albeit with a lower degree of inter-model consensus.
As the climate warms under the RCP8.5 scenario, it is found that the PNA-like teleconnection associated with the tropical CP SST variation is intensified and slightly expands eastward (Fig. 11, lower-right panel) . Particularly, the North Pacific trough is deepened by about 9 m (significant at the 95% confidence level based on a two-tailed student's t test). However, for the teleconnection induced by the tropical EP SST variation, no significant change in the central intensity of the North Pacific trough is detected, whereas its spatial shape tends to elongate and tilt northwestward (Fig. 11,  lower-left panel) . Besides, the trough over southern North America forced by EP-SSTa is largely intensified. Based on these results, we hypothesize that the projected intensification of the CP-SSTa-forced teleconnection is likely to be of great importance in the intensification of PNA in a warmer climate.
To further support this hypothesis, we examine the relationship between the projected changes in the intensity of the North Pacific trough associated with the PNA variability (which dominates the change of PNA intensity) and the counterpart forced by the tropical EP/CP SSTa, by inspecting the time evolution over 171 30-year sliding windows (i.e., 1900-1929, 1901-1930, …, 2070-2099) , following the analysis in Fig. 10 . Here the North Pacific domain for the area-average of 500-hPa GPHa in each model (denoted as a dashed box in Fig. 12 ) covers both centers of the North Pacific troughs forced by the tropical EP and CP SSTa. As shown in Fig. 13 , the MEM result clearly illustrates that the long-term evolution of the North Pacific trough associated with the PNA variability is in line with that of the counterpart forced by the tropical CP SSTa rather than EP SSTa. Particularly, from 2006 and onward, the intensities of both North Pacific troughs associated with the PNA variability and CP-SSTa forcing are increased gradually, whereas the tendency of the EP-SSTa-forced trough is downward. As for portrayals of individual models, results show that all models, except CMCC-CM and NorESM1-ME, capture the close relationship between the time evolutions of the North Pacific trough intensity associated with the PNA variability and the counterpart forced by the tropical CP SSTa, given the more significant and higher correlation coefficients for the CP-SSTa forcing than the EP-SSTa forcing. Therefore, the PNA-like teleconnection associated with the SST variation in the tropical CP rather than EP is indeed intensified as climate warms, which contributes to the intensification of PNA variability.
It is well known that the tropical Pacific SSTa can force a planetary Rossby wave train in the extratropical atmosphere through the anomalous upper-level divergence driven by latent heat release in the tropical precipitation (e.g., Hoskins and Karoly 1981; Trenberth et al. 1998; Lu et al. 2004) . A natural question arises as to how the anomalous precipitation associated with the tropical CP SST variation changes in a warmer climate and whether its change relates to the deepening of the North Pacific trough associated with the PNA variability. Figure 14 shows the MEM regression patterns of winter tropical SSTa and precipitation against the normalized I CP index in the historical run and their projected changes in the RCP8.5 run. It is obvious that the tropical CP SSTa is increased and expanded eastward under greenhouse forcing, with the largest increase of about 0.2 °C along equatorial band of 180°-150°W. Correspondingly, the maximum center of precipitation anomalies induced by the tropical CP SSTa is significantly intensified by about 42% of that in the past climate, and expands eastward from approximately 160°E to the date line. Following the analysis in Fig. 13 , we further examine the time evolution of the tropical precipitation anomalies induced by the tropical CP SSTa and compare it with that of the North Pacific trough intensity associated with the PNA variability. Here the tropical Pacific domain for the area-average of precipitation anomalies in each model is set as a box (10° in latitude and 30° in longitude) covering the maximum precipitation responses in both the historical and RCP8.5 runs. From Fig. 15 , it can clearly be seen that all models, except CMCC-CM, exhibit a quasiunidirectional increasing trend of the tropical precipitation response to the CP SSTa over the entire twenty-first century. In addition, the long-term evolution of the tropical precipitation response significantly covaries with that of the North Pacific trough intensity. This is captured by all models (see the correlation coefficients in Fig. 15 CMCC-CM which shows a downward trend of the North Pacific trough intensity. Therefore, results above suggest that the tropical precipitation response to the CP SST variation is intensified in a warmer climate and in turn facilitates the enhancement of the PNA-like teleconnection (see Fig. 11 , lower-right panel), which makes an important contribution to the large deepening of the North Pacific trough associated with the PNA variability. While the projected deepening of North Pacific trough is robust on the multi-model average, individual model portrayals vary primarily in magnitude (recall −PNAb i in Fig. 4a ). An issue arises as to what extent inter-model differences in the −PNAb i projections are related to that in the projections of the tropical Pacific CP/EP SST variability and its associated atmospheric responses. Figure 16 (left panels) show that most models project an intensification of the CP-SSTa-forced trough (with the MEM increased by 6.01 m significant at the 95% confidence level), concurrent with the intensified −PNAb i , whereas the EP-SSTa-forced trough appears to be weakened, with a larger inter-model diversity. In addition, inter-model differences in the projections of trough forced by the tropical CP SSTa rather than The last year of each sliding window is plotted on the x-axis EP SSTa largely account for the inter-model diversity of the −PNAb i projections, given the high correlation coefficient across models. Such intimate linkage also holds for the tropical precipitation anomalies forced by the CP SSTa (i.e., anomalous tropical diabatic heating), given the correlation coefficient reaching 0.83 across models when excluding the outlier CMCC-CM (Fig. 16, middle panels) . It is noticeable that the MEM of precipitation response to the CP SSTa is increased by 0.66 mm day −1 (about 37% of that in the twentieth century), which is in fact significant above the 99% confidence level. The inter-model consensus is strong, with none of the models producing a reduction. In stark contrast, the tropical precipitation response to the EP SSTa possesses a large uncertainty. Taking an in-depth look into the projected changes in the amplitudes of tropical CP and EP SST variabilities [i.e., standard deviations of the I EP and I CP indices; σ I CP , σ I EP ], we also find an close inter-model relationship between the projections of σ I CP and −PNAb i (Fig. 16 , right panels), with the significant correlation coefficient of 0.79 excluding the outlier. However, it should be noted that the projected increase of σ I CP shows a weaker robustness than does the tropical precipitation response to the CP SSTa. Overall, results above suggest that, on average, models with stronger intensification of the tropical CP SST variability and its associated precipitation response tend to have larger deepening magnitude of the North Pacific trough associated with the PNA variability. Results also further confirm the important role of the intensification of the tropical precipitation anomalies induced by the CP SSTa rather than the EP SSTa in driving the deepened North Pacific trough in a warmer climate.
Summary and discussion
We evaluate the representation of spatiotemporal features of PNA and NPO in the historical simulations from 30 to 32 CMIP5 models, respectively, by comparing with the observed counterparts during the twentieth century wintertime. The majority (80%) of models reasonably simulate either the geographical distribution or the amplitude of PNA/NPO pattern. However, only half of models can reliably reproduce both features in space. Particularly, compared with the PNA simulations, the ability to simulate the NPO is worse and more dispersed among models. As for the temporal features, variabilities of the PNA and NPO in majority of models are biased toward higher amplitude. We also find that the percentage of total variance in heights explained by the PNA variability is underestimated by most CMIP5 models (21/30), which is contrary to the simulations of CMIP3 models (Stoner et al. 2009) . The spectral analysis further shows that, in observation, the PNA variability has significant interannual-and decadal-scale spectrum, with two peaks in the range of 1-2 and 4-6 years and highest power in the 20-25 years, whereas the NPO variability exhibits only a significant peak at 2-4 years. Most models can simulate the interannual variabilities of PNA and NPO, qualitatively consistent with the observation, albeit with the significant spectral peaks varying in the range of 1-6 years. However, models generally lack the ability to reproduce the decadal (20-25 years) variability of PNA.
We further select 14 and 13 models to investigate the 21st-century changes in the intensities of PNA and NPO forced by greenhouse warming, respectively. These selected ) in winter over 30-year sliding windows starting at every year from 1900 to 2100 for the MEM and individual models. Correlation coefficient between two lines and the corresponding p value are given in each subplot. The last year of each sliding window is plotted on the x-axis models well represent the observed structure and amplitude of PNA and NPO in space, especially for the North Pacific trough and the anomalous low pressure over Alaska. It is found that the PNA intensity is projected to be strengthened in a warmer climate, whereas there is no consensus on the direction of change in the NPO intensity among models. The intensification of positive PNA is primarily manifested in the large deepening of the North Pacific trough and its northeastward expansion. Specifically, the North Pacific trough deepens about 9.5 ± 3.6 m (the 95% confidence interval) in the twenty-first century, which is 2.3 times the unforced internal variability, and the central area of trough (outlined by the isoline of −80 m) expands about two times that in the twentieth century. In addition, we find that the spectral power of PNA on interannual time scales (2-8 years) tends to be increased under greenhouse forcing, implying that the ENSO-forced teleconnection could be in the position of more influence in a warmer climate. Following this lead, we investigate possible role of tropical Pacific Ocean in driving the significant response of PNA to greenhouse warming. In observation and model simulations, results show that the PNA pattern reflects mixed features of the PNA-like wave trains in responding to the tropical EP and CP SSTa, which is consistent with the previous studies (e.g., Hoerling and Kumar 2002; Weng et al. 2009; Garfinkel et al. 2013) . In regard to time evolution during the twentieth century, however, it is found that the multidecadal evolutions of the North Pacific trough intensity, which dominates the PNA intensity evolution, is closely related to that of the counterpart in the PNA-like teleconnection forced by the tropical CP SSTa rather than EP SSTa. As the climate warms in the twenty-first century, the PNA-like teleconnection forced by the tropical CP SSTa rather than EP SSTa is found to be intensified, in part owing to the robust enhancement of the tropical precipitation response to the CP SST variation, which makes an important contribution to the intensification of PNA variability. Indeed, models with stronger intensification of the tropical CP SST variability and its associated precipitation response tend to have larger deepening magnitude of the North Pacific trough associated with the PNA variability. However, we do not find the significant relationship between inter-model differences in the projections of North Pacific trough intensity associated with the PNA variability and that of tropical EP SST variability and its associated atmospheric responses. Here, it should be noted that the projected increase of the amplitude of tropical CP SST variability shows a weaker robustness than does the tropical precipitation response to the CP SSTa, albeit that the MEM increase of the former (0.05 °C) is about 1.5 times the unforced internal variability. Overall, our results may suggest that in a warmer climate the tropical and extratropical atmosphere is more sensitive to the perturbation of SST in the tropical CP region rather than EP region, even though how the tropical CP or EP SST variability responds to greenhouse warming remains uncertain.
Along with the tropical diabatic heating, the anomalous transient eddy vorticity flux divergence at midlatitudes plays an important role in regulating the PNA-like response of extratropical atmospheric circulation (e.g., Held et al. 1989; Hoerling and Ting 1994; Jin et al. 2006) . Jin et al. (2006) pointed out that the tropically-forced Rossby wave train tends to perturb synoptic-scale eddy activity in an organized manner to further enhance the extratropical teleconnection. Thus, in addition to the intensified tropical heating, one would expect feedback between synoptic eddy and lowfrequency flow at midlatitudes to facilitate the intensification of the PNA-like teleconnection in a warmer climate. To what extent such eddy-mediated process is relevant for the response of PNA to greenhouse warming is left for future study.
In the present study, although the intensification of the PNA-like teleconnection forced by the tropical CP SSTa can explain the increased intensity of the North Pacific trough (blue bar in Fig. 4a ), a northeastward expansion of trough which is manifested as the negative GPHa difference over the Gulf of Alaska (see Fig. 5c ) may be resulted from other processes. One possible process involves changes in the tropospheric time-mean flow at mid-and high-latitudes, which is suggested to be able to modulate stationary waves (Branstator 1984; Kang 1990; Meehl and Teng 2007) . We examine the projected changes in the mean state of zonal wind at 500 hPa in winter and its relationship with the negative GPHa differences over the Gulf of Alaska. The preliminary result suggests that a strengthening of mean easterly flow over the Chukchi Peninsula appears to facilitate a northeastward expansion of the North Pacific trough (not shown), which needs to be further verified.
